Measurements were made of the carbon dioxide exchange of roots and shoots, changes in soluble carbohydrates, rates of root extension, and rate of phosphorus uptake of young plants of Dactylis glomerata (Cocksfoot) during eight days following defoliation. The results indicated that the soluble carbohydrates formed part of a labile pool which was used in respiration and for providing substrates for new growth. Where defoliation was not severe, the changes in reserve carbohydrates could account for net respiratory losses and amounts of new growth made. Where defoliation was severe, even high concentrations of reserve carbohydrates were inadequate and other substances, presumably proteins, must have been remobilized for use in respiration and new growth.
INTRODUCTION
/CHANGES in the soluble carbohydrate content of pasture species which V I occur with time or treatment have received much attention. In general, the soluble carbohydrate level in both stubble and roots falls for some days after severe grazing or defoliation and then increases (e.g. Sullivan and Sprague, 1943; Alberda, i960; del Poso, 1963) . This pattern has led to the conclusion that these 'reserve' substances are incorporated into new tissues formed after defoliation and may control the rate of regrowth (Graber et al., 1927; Weinmann, 1952) . Other workers (May and Davidson, 1958; May, i960) have pointed out that a reduction in the amount of carbohydrate present in roots and stubble might be caused largely by continued respiration following defoliation without there necessarily being any causal role of the reserves in initiating regrowth. Recently, Davidson and Milthorpe (1966) have suggested that only those soluble carbohydrates located in the bases of expanding leaves contribute directly to leaf expansion immediately after defoliation.
The role of soluble carbohydrates cannot be appreciated unless their quantitative changes are considered together with measurements in situ of photosynthesis, respiration, and amount of growth made. This study was an attempt to explore these aspects as well as the influence of defoliation on the activity of the root system, which depends on the photosynthetic organs for its carbohydrate supply.
METHODS

Culture Technique
The method de Stigter (1961) devised for autoradiographic studies on roots was modified to meet requirements for gas analysis. Plants of Dactylis glomerate L. cv. S37 (Cocksfoot) were grown in sand culture at 22 0 C with a 16-hour daylength of 2-90 cal visible radiation/cm a /hr for three weeks after emergence and were then transplanted on to a nylon-covered sheet of black glass, 43 cmx 28 cm, supported by a metal frame at 12 0 to the horizontal. Standard Long Ashton nutrient solution was pumped from a 10-litre reservoir on to a strip of glass-wool placed across the top of the fine nylon sheet. The plants were held in position by small tripods at the top of this sheet, and the roots ramified along and across it. Thus, the roots were supplied with nutrients, water, and air through a thin film of flowing nutrient solution which after passage over the glass sheet dripped into a gutter system and returned to the reservoir (Fig. IA) . Hardboard sheets prevented light from reaching the roots. The nutrient solution was adjusted to its original volume with distilled water twice each day, and changed every two days. All exposed parts of the nutrient supply lines were covered with black polythene to prevent algal growth. After three weeks in water culture the plants attached to their nylon-covered glass sheet were transferred to Perspex chambers for the measurement of carbon dioxide exchange. At three-week intervals the nutrient-feed lines were acidwashed to prevent any build-up of micro-organisms.
Plant Chambers for the Measurement of Gas Exchange
The root chamber was a shallow, clear Perspex box 45 x 30 X1 -28 cm. The top and bottom were made of Perspex sheets 32 mm in thickness, and the sides were 19x64 mm. The top was in two sections which came together with holes 1-5 cm square surrounding the plants (Fig. IB) . The glass sheet with plants on it was first transferred to this box. Brass screws at 5-cm intervals along the perimeter sealed the sections together, with a paraffin smear on a dividing silicone rubber gasket making the seal airtight. The plants were sealed to the Perspex top with 'Silcoset' (obtained from I.C.I. Ltd.) forming an airtight, non-toxic, and flexible seal. The chamber for the tops was lowered over the plants on to screws sealed into the top of the root chamber, and screwed tightly on to its moulded gasket. 'Silcoset' was used to seal the side junctions of each chamber. Nutrient solution was pumped through two inlets in the root chamber and flowed as a film over the roots before draining into a solution seal with a 5-cm head and back to the reservoir. The pressure seal was adequate to prevent any air leak, a positive pressure equivalent to 1 cm of paraffin being maintained within each chamber. To ensure an even flow of solution over the roots the glass inlets were connected to perforated polythene tubing extending across the chambers. 
The Measurement of Gas Exchange
An infra-red gas analyser (Infra-red Development Co., S.C. Type), connected to a Foster single-point recorder with six recording channels was used to measure CO 2 changes in the air stream. Air was pumped from outside the growth room through a cotton-wool filter, two bead towers containing water, a flow-meter, and over the plants (Fig. 2) . A second pump sucked air from the plant chamber; the air path to thi9 pump was either through the analysis tube of the gas analyser or direct through a by-pass system. Six air lines, which could be connected to chambers, were sampled and recorded in turn over two-minute periods. The change-over was effected by mercury switches connected to the timing mechanism of the recorder and dropping in turn to operate a relay switch which closed one solenoid valve leading to the by-pass system and simultaneously opened the paired solenoid valve leading to the analysis tube. The sample air stream from the root chamber was dried by passage through two tubes of silica gel before entering the analysis tube.
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Similar chambers without plants were used to give zero traces on the recording chart for the tops and the roots. A constant airflow of i litre per minute was maintained through each solenoid valve in order to avoid any change in pressure within the analysis tube of the instrument; this pressure was measured with an attached manometer. For calibration the analysis and reference tubes were filled with a standard gas mixture of 300 ppm CO 2 and sealed with varying pressures in each tube. The deflection caused by the different amounts of CO 2 in the two tubes led to reproduceable and reliable calibration which was checked for each experiment. Differences of 0-5 ppm CO 4 concentration could be measured over a maximum range of 70 ppm. Determinations failed to reveal the production of measurable quantities of CO 4 by the nylon-covered glass sheet after removal of the roots at the end of each experiment. Soluble carbohydrate contents of roots and shoots were estimated by the methods described in Davidson and Milthorpe (1965) .
RESULTS
The Carbon Balance after Defoliation
Following removal of laminae only
Estimates were made of the carbohydrate income due to net photosynthesis, the loss due to respiration, and the change in the soluble carbohydrate content of the plant over the first two days after removal of the laminae.
Five six-week-old plants on one glass sheet were defoliated by removal of all exposed laminae and placed in the Perspex chambers at 18° C under a light intensity of 2-9 cal/cm a /hr with a 16-hour daylength. Before gas-exchange measurements began there was a four-hour lapse because of the time taken for the silicone rubber seal to set and pressures and flow-rates to be adjusted to suitable values. When the measurements began another group of five plants which had been grown and defoliated in the same way were plunged into boiling ethanol for carbohydrate determinations. During the first few hours after defoliation photosynthesis of the stubble just failed to balance its rate of respiration ( Fig. 3) . At the beginning of the next light period, 15 hours after defoliation, there was sufficient leaf expansion to give a net photosynthetic contribution within the shoot. The trend of increasing photosynthesis in this and the succeeding light period resulted from increasing leaf expansion; evidence from indirect estimates of leaf expansion suggested that photosynthesis per unit of leaf area remained approximately constant.
Assuming that the difference between CO 2 -output in the light during hours 5-7 and in darkness during hours 8-10 was wholly attributable to the photosynthesis of the outer sheaths of the stubble, the rate of photosynthesis of the sheaths was estimated as 0-0081 mg CO^/cm^hr. If the contribution from the sheaths remained unchanged and the respiration rate during the final dark period is assumed, the rate of photosynthesis of the expanded laminae 48 hours after defoliation may be taken as 0-023 m g COJcm^hr. Thus, the lamina appeared to be three times as effective photosynthetically as the sheath. Thorn (1959) found that barley laminae were about twice as efficient photosynthetically as sheaths. Such comparisons must alter with plant age; in older plants the dead leaf bases of the stubble will surely markedly reduce the overall photosynthetic contribution of the sheaths. The respiration rate of the tops was lower during the second dark period than it was during the first, despite increased leaf expansion, probably because of a reduction in the amount of available substrate. Root respiration fell by about 50 per cent throughout the two-day period.
A balance sheet for carbon was constructed (Table 1) assuming that 1 mg COj was equivalent to 0-682 mg carbohydrate and that the initial carbohydrate level was the same as in the plants sampled for carbohydrate analyses. During the experimental period there was a net loss of 146 mg from the whole plant. This, together with the weight of new growth made, was approximately equal to the decrease in carbohydrate content, the concentration falling from 1-7 to i-o per cent in the roots and from 10-5 to 5-3 per cent in the stubble. In the roots the measured decrease in soluble carbohydrate could.account for less than one-tenth of root respiration, and flow of carbohydrate from the stubble or the breakdown of other substrates in the roots was necessary to account for root respiration. There seems little possibility that carbohydrates within the roots contributed to the growth or respiration of the tops.
Following cutting to a height of 2-5 cm
Five six-week-old plants, grown in the same manner as already described, were cut to a height of 2-5 cm, removing all expanded laminae and portions of leaf sheaths and expanding leaves. Rates of CO a exchange were measured over the next eight days. At 12-hour intervals for two days before defoliation and at 24-hour intervals thereafter, the extension of 16 adventitious roots was measured. Root respiration was measured from one day before defoliation. The same conditions of air flow (tops, i-81/min; roots, 2-61/min), light intensity (3-0 cal visible radiation/cm a /hr, 16-hour daylength), temperature (18 0 C), and defoliation were imposed on similar groups of plants harvested for estimation of carbohydrate content at o, 2, and 4 days after defoliation. The plants used for measuring CO 2 exchange were preserved for carbohydrate estimation at the end of the experiment.
The continued increase with time in rate of net photosynthesis reflected increased leaf expansion (Fig. 4A) . The rate of dark respiration did not increase proportionately with increase of net photosynthesis during the day.
Over the last 24 hours the dark respiration rate was equivalent to about 20 per cent of the rate of net photosynthesis, i.e. the rate of true photosynthesis was about six times the rate of respiration. Root respiration, however, fell continually throughout the experimental period to about one-quarter of the pre-defoliation rate. The decline in respiration was rapid immediately following defoliation and was associated with almost complete cessation of root extension. Until the fifth day after defoliation root extension remained at approximately 1 per cent but then gradually increased to 5 per cent of the rate prior to cutting. Curiously, Crider (1955) reported that cocksfoot was the only one of eight grass species whose roots did not stop growing after a single severe defoliation; nevertheless, his work emphasized that under frequent clipping or grazing conditions root growth often declines markedly.
The concentrations of total carbohydrates in the stubble were 8-5, 5-5, 4-5, and 4-5 per cent, and in the roots 3-2, 1-7, 1-9, and 1-9 per cent at o, 2, 4, and 8 days from defoliation. During the first two days following defoliation, the depletion of carbohydrates in the roots could account for only one-fifth of the losses by root respiration (Table 2 ). There must, therefore, have been an appreciable flow of reserve carbohydrate and current photosynthate from the tops to the roots. In fact, current photosynthate plus losses in reserves was numerically equal to respiration losses; nevertheless, during this time an appreciable amount of new leaf was expanded. Other labile substances, presumably protein, must therefore have been used in respiration and synthesis of new cell material; these were estimated to have contributed about four 288 189 times the amount contributed by the reserve carbohydrates. There are no strong grounds for assuming that material from any particular source (current photosynthate, reserve carbohydrate, or labile protein) is used preferentially for any process; all may be regarded as part of the same labile pool. However, there is some evidence to suggest that current photosynthate and reserve substances in an expanding leaf may be used preferentially within that leaf (Davidson and Milthorpe, 1966) .
In another experiment, six groups each of five plants were grown as described above. Two days before defoliation two of these groups were kept at 9 0 C under a similar light intensity, two grown on under the normal light and dark periods, and two placed in complete darkness at 22° C. These produced plants of different carbohydrate contents at defoliation (Table 3) . After defoliation to a height of 2-5 cm, changes were followed over a two-day period in all three groups of plants, kept at 18° C and exposed to 3 cal visible radiation/cm*/hr for 16 hours per day.
During this period the amount of soluble carbohydrate utilized was positively related to that present at defoliation, the concentrations at the end of the period being much the same in all treatments. The amount of new leaf growth and the rate of root extension was also related to the concentration of carbohydrate at the time of defoliation, but the net gain by CO 2 exchange was less closely related. The net gains from photosynthesis by the tops were similar in all treatments despite appreciable differences in amount of new surface expanded; this response was associated with a much higher rate of respiration in the stubble of the high than in that of the medium and low carbohydrate plants. Even in the high carbohydrate plants, reserve carbohydrates and current photosynthesis were inadequate to meet the requirements for respiration and new growth; other labile substances must also have been used. Root Growth and Phosphorus Uptake
Following lamina removal
The effect of removal of the laminae only on the uptake of M P was investigated.
Plants were grown in water culture (three per plate) at 22 0 C and with a 16-hour day of 2-9 cal visible radiation/cm a /hr until five weeks after emergence when all the laminae were removed. For two days before and eight days following defoliation, root respiration was recorded continuously and the extension of ten adventitious roots was measured at 24-hour intervals. On other groups of plants grown similarly, the uptake of 88 P over four-hour periods was measured at -1,0,2,4, an<^ 8 days after defoliation. Carrier-free H 3 S2 PO 4 was made up into five lots of 1 me each. At each time of treatment one lot was added to the 1 litre of nutrient solution circulating over one group of test plants. Four hours after addition of the radioactive phosphorus the tops were separated from the roots, dried at 85 0 C, and digested in a mixture of 70 per cent perchloric acid, concentrated nitric acid, and concentrated sulphuric acid (2:2:1 respectively by volume). The digests were diluted to 50 ml. When all digests were prepared the time for io 6 disintegrations was determined using a liquid Geiger counter (20th Century Electronics Ltd., Type M6H).
Following lamina removal, root respiration and extension fell less and recovered more rapidly (Fig. 5A ) than after severe defoliation (Figs. 4B, 5B ). Before defoliation there was a clear pattern of diurnal variation in root respiration which increased during each light period and fell during the dark. Defoliation immediately resulted in a marked decrease, and diurnal trends were not apparent during the subsequent eight days. Similarly, Huck et al. (1962) measured diurnal fluctuations in the root respiration of three species grown in a glasshouse, but found them to be absent in excised roots supplied continually with substrate; a close relationship between respiration and carbohydrate supply was suggested. Associated with this diurnal variation they found an increased rate of uptake of M Rb at midday compared with midnight. Fig. 5A , however, shows that the uptake of 32 P by the tops followed more closely the pattern of root extension than root respiration. Over the second half of the experimental period respiration remained fairly constant although new roots were extending; this suggests that there was a continued decline in the respiration rate of the old roots.
Following severe defoliation
The effect of severe defoliation on the uptake of 32 P was investigated. Seven-week-old plants, grown as for the previous experiment, were defoliated to a height of 2-5 cm and 0-2 me H 3 32 PO 4 was added to each litre of circulating solution at times and in the manner described above.
With this severe defoliation root respiration and extension were depressed much more than by removal of laminae only (Fig. 5B) , root extension falling to zero on the third day after defoliation. Relative uptake of S2 P by the tops did not fall as markedly as root extension in this experiment; it remained at a low stable level at 2, 4, and 8 days after defoliation although root extension had increased to 25 per cent of its original rate and root respiration had also increased by the eighth day after defoliation.
Experiments with 32 P may not give an unequivocal estimate of the amount of phosphorus taken up by plants not supplied with radioactive isotopes. In a review of work with 82 P Mattingly (1957) pointed out that interpretations may be complicated by radiation damage to plants. Martin and Russell (1954) claimed that with water culture the usual damage symptoms are increased phosphate translocation to the shoots and a reduction in root weight; they suggested that there may be a significant effect of radiation if plants receive 5 me s2 P/litre for six days or more. By limiting the period of exposure to four hours in the experiments reported, it was hoped that effects of radiation damage would be minimized.
DISCUSSION
In any plant the level of soluble carbohydrate rises when growth is retarded relative to photosynthesis; among other things this could follow from reduced nutrient supply, lowered temperature, or increased light intensity. Defoliation of pasture plants, by suddenly removing the source of carbohydrate, normally produces a temporary carbohydrate shortage which results in a portion of the accumulated soluble carbohydrates being used in growth and respiration. . Within the root system the rate of decline in soluble carbohydrate level did not keep pace with the rate of respiration under any of the conditions examined here. Root respiration necessarily depended upon a continued flow of carbohydrate from the stubble and/or the breakdown of other substrates in the roots and possibly in the stubble as well. It is extremely unlikely that soluble carbohydrates stored in the roots were incorporated into tissues of the tops after defoliation.
When only laminae were removed the reduction in the soluble carbohydrate content of the tops was far greater than that required for the total respiratory loss of the plants. Some of the carbohydrate decline apparently reflected its incorporation into new tissue. If, as was suggested earlier, only the carbohydrates within the bases of expanding leaves are important in determining the rate of leaf expansion immediately after defoliation, then those within the bases of older leaves may well be used in the development of new leaves, tiller buds, and root growth.
When defoliation was relatively severe-to a stubble height of 2*5 cm-the total reduction in soluble carbohydrates could account for only a fraction of the total respiratory loss, and other substrates must have been utilized in new growth. The products of protein breakdown are known to be used as respiratory substrate (Steward et al., 1958) and the increase in the proportion of soluble to insoluble nitrogen which follows defoliation (e.g. Sullivan and Sprague, 1943; Alberda, i960) suggests that they may be of considerable importance during early regrowth. Hemicelluloses are apparently broken down during physiological changes in pear trees (Jermyn and Isherwood, 1956) ; together with protein they account for about a third of the dry matter of young cocksfoot plants (Waite and Gorrod, 1959) and could be of importance. Most evidence, however, suggests that only small fluctuations in hemicellulose concentration are observed (May, i960) . As yet most studies of chemical changes in grasses following defoliation have been confined to the soluble carbohydrates; the role of other substances, especially protein, deserves more attention.
The immediate and almost total reduction in root extension was perhaps the most striking effect of defoliation noted and, together with the marked decline in root respiration, was probably a direct result of the removal of the primary source of carbohydrate. Root metabolism must be a major consideration of growth following defoliation.
Following removal of only the laminae the rate of phosphorus uptake rapidly returned to the pre-cutting rate, and is unlikely to have restricted the rate of leaf expansion. However, after the plants were cut to a height of 2*5 cm, the rate of phosphorus uptake eight days later still remained very low relative to the rate before the plants were cut. As the potential for growth, in terms of numbers of expanding leaves and tiller buds, was at least as great after defoliation, and as one source of labile nutrients available to the intact plant-the mature leaves-was removed by defoliation, it seems certain that within a few days following severe defoliation the rate of leaf expansion was limited by the rate of nutrient uptake from an unlimited external supply. There was no visible sign of root decomposition to which Oswalt et al. (1959) attributed reduced nutrient uptake in cocksfoot following defoliation.
Although the rate of water flow through the plants was likely to have been greatly reduced under these experimental conditions by defoliation, it seems unlikely that this factor was responsible for the reduced uptake of phosphorus (cf. Hylmo, 1953; Jensen, 1962; Russell and Shorrocks, 1959) . Even with the less severe defoliation, uptake was not closely related to the amount of leaf surface during the first two days following defoliation; with the severe defoliation there was a complete absence of any such relationship. A close relationship would be expected if uptake were associated with water flow or with intensity of sinks in the expanding leaves. It appears likely that the reduced uptake was a result of reduced metabolism in roots existing at the time of defoliation, thereby influencing the active processes involved in salt absorption (Steward, 1959) .
From his assessment of previous work May (i960) concluded that 'a specific role for carbohydrate reserves in initiating regrowth and in determining the rate or ultimate extent of regrowth cannot yet be considered as firmly established*. Although no claim can be made that carbohydrate reserves have a specific role in initiating regrowth, there seems no doubt that as part of the labile metabolic pool they, and other compounds, do contribute to new growth and respiration immediately after defoliation.
The relative importance of the soluble carbohydrates in regrowth remains difficult to assess. In contributing initially to leaf expansion, the carbohydrates in the bases of expanding leaves are of immediate primary importance; the rate of photosynthesis then becomes the dominant influence in leaf expansion and growth (Davidson and Milthorpe, 1966) . Within a few days following defoliation, growth may often be limited by the rates of nutrient uptake and tiller production; in later stages the complex interrelationships which determine the growth rate in intact plants may frequently obscure critical responses attributable to carbohydrate concentration. The amounts of carbohydrate available, however, are small and they appreciably contribute to growth and respiration only during the first 2-4 days following defoliation; for example, in the severely defoliated plants studied here reserve carbohydrates contributed only 50 mg compared with 700 mg from photosynthesis during the eight days following defoliation. Although differing concentrations of carbohydrates at defoliation could lead to appreciable differences in growth, variations in the rate of photosynthesis associated with light intensity appear likely to have a much greater effect.
